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We present STAR measurements of the differential cross section and transverse single-spin asym-
metry (AN) vs. Feynman-x (xF ) for π0 and η mesons, for 0.4 < xF < 0.75 at an average pseudora-
pidity of 3.68. A data sample during p + p collisions at

√

s = 200 GeV of approximately 6.8 pb−1

was recorded with an average beam polarization of about 56 %. The cross section for π0 is con-
sistent with a perturbative QCD prediction, and the η/π0 cross-section ratio agrees with previous
mid-rapidity measurements. AN for η is found to be significantly larger than the already large AN

for π0.

PACS numbers:

A well known prediction of collinear perturbative
Quantum Chromo Dynamics (pQCD) is that the cross
section for forward meson production in proton-proton
collisions should have negligible dependence on the trans-
verse polarization of the incident proton [1]. This early
prediction was contradicted by measurements [2, 3] of
sizable pion transverse single-spin asymmetries (AN ), de-
fined for a forward moving polarized beam scattering to
the left and with a vertical spin quantization axis,

AN ≡
σ↑ − σ↓

σ↑ + σ↓
. (1)

In order to explain the large asymmetries, several ex-
tensions of the pQCD collinear framework have been pro-
posed. These models take into account the possible spin-
dependent transverse components of parton momentum
(Sivers effect [4]), the possible spin-dependent fragmen-
tation of a scattered polarized parton (Collins effect [5]),
or higher twist effects where transverse phenomena re-
lated to the previous approaches are included in the hard
scattering term of a collinear calculation [6, 7]. Each of
these approaches is a natural extension of the original fac-
torized pQCD framework. A wide range of high energy
polarized scattering experiments have been motivated by
the need to determine which of these or other extensions
of collinear pQCD is most consistent with data [8–12].

For more than 20 years, we have known that the trans-
verse asymmetries in forward pion production depend
critically on the isospin projection (I3) of the produced
mesons relative to that of the parent hadron. In proton
scattering, the asymmetry for π− mesons, which largely
originate from fragmentation of minority down quarks,
has the opposite sign relative to the asymmetries for
π+ and π0 mesons, produced from the predominate up
quarks. In this letter, we report for the first time at√

s = 200 GeV the transverse single-spin asymmetry for
the η meson, another member of the pseudo-scalar octet
that has the same isospin projection as the π0 (I3 = 0).
In addition, we report the differential cross section for

η production in the region where the spin asymmetry is
measured.

We emphasize that understanding an asymmetry result
requires knowledge of the production cross section for the
corresponding process. Traditional collinear pQCD has
been successful in explaining the latter for various pro-
cesses, which can be considered an applicability test of
the pQCD framework. The former, on the other hand,
requires the aforementioned extensions of the traditional
approach. Consequently, the measurement of both quan-
tities for a particular process provides the connection be-
tween the more conventional collinear pQCD and the var-
ious extensions of it.

For π0 production, recent STAR measurements of the
forward cross section are consistent with next-to-leading-
order (NLO) pQCD calculations in the region where the
transverse spin asymmetry is large [8, 13, 14]. However,
these results do not cover the large Feynman-x region
where the acceptance for the η decaying into two pho-
tons becomes large. In this letter, we have extended the
analysis of the π0 cross section and AN to much larger
xF , up to xF of 0.75. This allows us to directly compare
the spin asymmetries and cross sections for the π0 and η
mesons in the same kinematic region.

The STAR Forward Pion Detector (FPD) is a mod-
ular lead glass calorimeter located in the very forward
region of the interaction region at the Relativistic Heavy
Ion Collider (RHIC) at Brookhaven National Laboratory.
Two main modules are placed on either side of the beam
line, with the average pseudo-rapidity of 3.7. Each mod-
ule contains 49 glass columns, forming a 7× 7 square ar-
ray. Each column is approximately 18 radiation lengths
deep, and slightly more than 1 Moliere radius wide. The
data were collected during RHIC year 2006 transversely
polarized proton running, with an integrated luminosity
of 6.8 pb−1 [8]. The average polarization was (56± 2.6)%
for the beam facing the east FPD, with which the data
for this analysis were taken. Events were recorded only
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FIG. 1: (a) Di-photon invariant mass, Mγγ , distributions in
data and simulation for E > 45 GeV, with the “center cut”
as defined in Eq. (2). Simulation was normalized to have the
same number of events as the data in the π0 mass region
(0.08 < Mγγ < 0.19 GeV/c2). (b) Same as (a), but plotted
using an expanded linear scale to illustrate the η mass region.
For the red hollow points, the η signal was removed from the
simulation at the PYTHIA level. (c) Transverse single-spin
asymmetry, AN , vs. Mγγ for the above mass distribution. The
error bars are statistical uncertainties only.

when the total ADC count in either of the two mod-
ules was greater than a fixed threshold, which was nom-
inally equivalent to 30 GeV. Photons reconstructed less
than one quarter of a cell width away from the detector
edge were discarded. Only those events with two recon-
structed photons were analyzed. The loss of yield due to
this requirement has been corrected for the cross-section
measurement. The STAR Beam Beam Counter (BBC)
on the away side (west) was used to reject the single-beam
background. The near side (east) BBC was not required
to produce a signal, as most of the analyzed events al-
ready have more than half the beam energy deposited in
the east FPD.

The previous STAR publication of π0 AN [8] utilized
this data set. However, due to a larger separation of the
decay photons, the acceptance for the η meson lies mostly
above an xF of 0.5, which is near the previous upper limit
of the xF coverage for the π0. The Moliere radius and
transverse cell size are similar to the typical separation of
two decay photons from a 60 GeV π0 at the front surface
of the FPD. The discrimination between single photon
and π0 clusters above 60 GeV has required improvement
in analysis methods used in previous STAR publications.
The current analysis improves upon the previous one in
a number of aspects, by extending the xF reach for the
π0 while ensuring a higher precision calibration required

by cross-section measurements.

More significantly, the GEANT simulation of the elec-
tromagnetic shower in the FPD is now based on the track-
ing of optical photons produced by the Čerenkov effect.
Compared to the previous method based on charged par-
ticle energy loss, this simulation produces a much better
agreement with the data in almost all aspects, including
shower shape, energy resolution, and the observed shift
in gain as a function of photon energy. In addition, the
separation of single photon clusters from clusters that
contain two merged photons was greatly improved by a
revised cluster moment analysis. Previously, the pho-
ton content of a cluster was determined by analyzing its
second moment of energy in relation to its total energy.
In the revised scheme, the second moment is calculated
in logarithm of energy, with a minimum energy require-
ment for each tower to suppress small fluctuations. The
new method provides significantly improved sensitivity
to the topological differences between single and double
photon clusters. A more advanced parameterization of
the shower shape, including the effects of incident angle,
also contributes to the overall improvement of the event
reconstruction. As a result, the maximum energy below
which single photons and π0’s can be reliably separated
has been increased from 55 GeV to 80 GeV.

The top two panels of Fig. 1 show data-simulation com-
parisons of the di-photon invariant mass spectra. The
“center cut”, so named because it covers roughly the cen-
tral region of the FPD acceptance, is imposed on all event
samples in order to enhance the η acceptance relative to
the background. It is defined as

(y − 3.65)2 + tan2(φ) < 0.15, (2)

where y is the pseudorapidity relative to the polarized
beam and φ is the azimuthal angle of the di-photon cen-
ter of mass. A full simulation based on PYTHIA version
6.222 and GEANT 3 was compared to the data. The
reflectivity and absorption properties of the aluminized
mylar wrapped glass cells were varied to minimize the dis-
crepancies between the photon shower shape in the sim-
ulation and that measured in the data. While detailed
knowledge of the glass-mylar interface remains a limit-
ing factor in the precise modeling of the shower develop-
ment, the agreement in the widths of mass peaks between
the simulation and data has been improved significantly
over previous analyses. Furthermore, the data-simulation
agreement in the continuum region between the π0 and η
peaks is very good, allowing for a simulation based back-
ground estimation for the η signal. Correction factors
have been applied to account for the remaining data-
simulation discrepancies in mass resolution. The η to π0

ratio is higher in the simulation than in the data, reflect-
ing limitations of PYTHIA in the forward region. Also
shown is the invariant mass dependence of AN , which
exhibits a clear suppression in the continuum region. In
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FIG. 2: Differential production cross sections for π0 and η
at average pseudorapidity of 3.68 with the center cut. Also
shown are the previously published STAR results for similar
kinematics [14] and a NLO pQCD calculation of the π0 cross
section. The yellow band represents the uncertainty in the
calculated cross section due to scale variations. The η to
π0 cross-section ratio is shown in the bottom panel. The
blue band represents the combined statistical and systematic
uncertainties.

the simulation, this mass region is dominated by approx-
imately equal contributions from a pair of photons from
two different π0 decays and a charged hadron combined
with a photon.

The energy resolution of the FPD is estimated to be
about 7 to 8 % of the total energy based on the compar-
ison of invariant mass and di-photon separation distri-
butions between data and Čerenkov shower simulation.
Coupled to the rapidly falling cross section as a function
of energy, the limited resolution causes substantial bin
migration when measuring cross sections. We unfold the
effect of the energy smearing by constructing a smearing
matrix based on simulation that maps the true energy of
an event to the apparent energy, and applying it to an
ensemble of all possible energy distributions satisfying a
smoothness requirement. The true energy distribution
is identified as the one that transforms to an apparent
energy distribution that most closely resembles the mea-
sured distribution, based on χ2 analysis.

The upper panel of Fig. 2 shows the differential cross-
sections for π0 and η. The center cut (Eq. 2) was imposed
on both mesons. Also shown are the previously published
STAR results for the π0 cross section in similar kinematic
regions. The yellow band corresponds to the NLO pQCD
theory prediction for the π0 cross section, [15] based on
the CTEQ6M5 parton distribution function [16] and DSS
fragmentation function [17]. The uncertainty for the the-

ory prediction was obtained by increasing the factoriza-
tion and renormalization scales from µ = pT to µ = 2pT .
We note that the DSS fragmentation function includes in
the fit the previously published STAR results at pseudo-
rapidity of 3.3 and 3.8 [13], along with other RHIC re-
sults. The error bars include both statistical and system-
atic uncertainties. The statistical uncertainties are indi-
cated by the colored error bars, which are visible only
in the very last bins. The major sources of systematic
uncertainties are the absolute calibration uncertainty of
3%, which dominates the π0, and the uncertainty from
the unfolding process, which dominates the η at high en-
ergies. The normalization uncertainty was conservatively
estimated at 20%.

The lower panel of Fig. 2 shows the η to π0 cross-
section ratio. The error bars indicate the statistical un-
certainty, while the blue error band includes both sta-
tistical and systematic uncertainties. The uncertainty in
the absolute calibration is common to π0 and η, and has
minimal effect on the cross-section ratio. However, be-
cause the two mesons often populate different parts of
the detector, the relative energy calibration uncertainty
of 1.5% is a significant part of the systematic uncertainty.

In pQCD, large-xF production of both π0 and η arises
from hard-scattered partons fragmenting into mesons
with large momentum fraction z (ratio of hadron mo-
mentum to the momentum of its parent parton). The
fragmentation process is often thought to be universal, as
evidenced by the fact that a single set of pion fragmen-
tation functions explains a wide variety of RHIC data
[18–20]. There is less known about large z fragmentation
into η mesons, but in a recent global analysis of previous
measurements of jet-like events, the ratio of η to π0 pro-
duction was found to be close to 50% [21], consistent with
our findings. While there are currently no NLO pQCD
predictions for forward η production, it is likely that the
pQCD calculations of π0 and η cross sections will be sim-
ilar except for the differences in fragmentation.

Figure 3 shows the analyzing power as a function of
xF for π0 and η, after correcting for the underlying back-
ground. Also shown is the previous STAR result for π0

AN at lower xF , which utilized the same data set as the
current analysis but without the center cut. The two
π0 results are consistent within their correlated errors.
The background correction, which only significantly af-
fects the η asymmetry at medium energy, is obtained
from the assumed analyzing power of 0.005 ± 0.016 for
the background, extracted from Fig. 1(c). The error bars
indicate statistical errors only, while the error bands in-
dicate the systematic errors. The main source of the
systematic uncertainty is the background correction, and
polarization uncertainty is negligible in comparison.

In conclusion, STAR has measured the xF dependences
of the cross section and transverse single-spin asymme-
tries for π0 and η mesons produced at an average pseu-
dorapidity of 3.68 in

√
s = 200 GeV polarized proton
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FIG. 3: AN vs. xF at average pseudorapidity of 3.68 for π0

and η. Also shown are the previously published results for π0

at lower xF , derived from the same data set but without the
center cut [8]. The error bars are statistical uncertainties only.
The red (blue) error band indicates the systematic uncertainty
for π0 (η).

collisions. Over the region 0.5 < xF < 0.75, AN for the η
meson is 2.5 standard deviations larger than that of the
π0. The measured π0 cross section is consistent with a
pQCD prediction for the same kinematic region in which
the spin asymmetry was measured. Although there are
no theoretical predictions for the η cross section for these
kinematics, we note that the η/π0 cross-section ratio is
similar to previous measurements for mid-rapidity pro-
duction at the same

√
s [18, 21, 22]. The agreement

strongly suggests that the surprisingly large η asymme-
try can be understood within the framework of pQCD.
The large difference in AN for π0 and η mesons is of par-
ticular interest given their similar up and down quark
content, with wave-functions of both mesons containing
uū and dd̄ pairs. The η differs from the π0 mainly in that
it is in an isospin singlet state, and that it is expected
to contain strangeness. In addition, the latter results
in the η being significantly more massive than the π0.
Currently, there is only one theoretical model that can
generate an η asymmetry that is substantially larger than
that of the π0 [23]. The model includes a sizable initial-
state twist-3 effect for strange quarks, which results in
an η asymmetry that rises to about 12 % at xF of 0.4,
but agrees quantitatively with the data for xF > 0.5. It
is yet unknown if this difference in AN can arise from
the fragmentation process via the Collins effect. Under-
standing the precise nature of these asymmetries can be

aided greatly by complementary measurements of AN for
non-hadronic final states, such as jets and prompt pho-
tons. The STAR Forward Meson Spectrometer (FMS),
a significantly larger lead-glass calorimeter that replaced
the west FPD in the year 2008, can provide the necessary
acceptance for these measurements, along with a much
broader kinematic coverage.
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